Nephrotoxicity of CyA was analyzed histologically in rats fed a low-sodium diet. CyA was subcutaneously administered daily at a dose of 15 mg/kg for 10 or 35 days with or without prior uninephrectomy (UNT) in male Sprague-Dawley rats receiving a lowsodium diet (0.03% sodium). CyA-administered rats showed impaired renal function as well as tubulo-interstitial lesions, such as edema, tubular basement membrane changes, and tubular atrophy, in the cortex, especially in the subcapsular portion, within 10 days. On day 35, the tubulo-interstitial lesions were advanced with mild focal interstitial fibrosis. These lesions were mild in the UNT group compared to the non-UNT group. Immunohistochemically, CyA treatment caused an increase in number of renin-positive cells in the afferent arteriolar wall at juxtaglomerular area. These cells lost the expression of calponin, which is a marker of mature smooth muscle cells. In addition, in afferent arterioles and interlobular arteries, electron-dense fibrous bodies were found in the smooth muscle cells on days 10 and 35. Immunoelectron microscopically, these bodies showed scattered positive staining for calponin and &alpha;-actinin, were negative or only peripherally positive for &alpha;-SMA and vimentin, and were completely negative for desmin. This study revealed that CyA could cause interstitial lesions starting in the subcapsular portion of the renal cortex and vascular lesions of the preglomerular artery. Increases in number of renin granules and formation of cytoplasmic fibrous bodies in smooth muscle cells could be the forerunner of severe arteriolar wall damage.
INTRODUCTION
Cyclosporine (CyA) is one of the important immunosuppressive drugs for organ transplantation and treatment of autoimmune diseases (40) . CyA has been also reported to be effective for treatment of steroid-resistant nephrotic syndrome (23, 26) . Usage of CyA is, however, limited because of its side effects, especially its nephrotoxicity, such as tubulo-interstitial lesions characterized by striped fibrosis and arteriolopathy with hyalinosis (21, 34) . Various molecules, such as transforming growth factor (TGF)-(3 (25, 35) , angiotensin II (15, 25, 35) , and endothelin (15) , have been shown to be related to CyA-mediated nephrotoxicity. Ischemia, due to contraction of afferent arterioles due to CyA administration, may play an important role in CyA-mediated nephrotoxicity (6, 7) . However, the precise mechanism of CyA-mediated nephrotoxicity has not yet been clarified, especially in chronic nephrotoxicity.
Recently, feeding of normotensive rodents with a lowsodium diet has been reported to reproduce chronic CyA nephropathy (6, 28, 42) . In this model, severe tubulointerstitial lesions were observed in the kidney (1, 6, 28) . CyA itself enhances the synthesis of extracellular matrix protein (10) . TGF-~ and other molecules have also been reported to be related to interstitial fibrosis (3, 15, 25, 34) . Compared with interstitial fibrosis, there have been few studies of the phenotypic changes in vascular smooth muscle cells that could result in hyalinosis of arterioles.
There are several markers for smooth muscle cells. Alpha-smooth muscle actin (a-SMA) and calponin are spe-cific markers for smooth muscle differentiation (11, 24) .
Vimentin and desmin are also components of smooth muscle cells (31, 38) . Alpha-actinin is localized in the dense bodies and attachment plaques of smooth muscle cells (24, 38) . Renin is synthesized and stored in juxtaglomerular cells (JG cells) of afferent arterioles (2) . Expression of these elements in smooth muscle cells and JG cells was investigated using immunohistochemical, immunocytochemical, and electron microscopic techniques in the present study. In addition, the effects of uninephrectomy, which produces conditions similar to those encountered in renal transplantation, were examined.
Our results revealed that UNT reduced the interstitial fibrosis caused by CyA, calponin expression disappeared in the smooth muscle cells of afferent arteries, and fibrous bodies were formed in the smooth muscle cells of arterioles.
MATERIALS AND METHODS
The present study was approved by the Committee of Animal Experimentation, Shinshu University School of Medicine. Adult male Sprague-Dawley rats (SLC Company, Shizuoka, Japan), weighing 210 to 245 g, were used in the present study. Rats received a low-sodium diet (0.03% sodium, Purina Mills Inc, St Louis, MO, USA), with tap water ad libitum, during the experimental period. After 1 week on the low-sodium diet, rats were randomly divided into 6 groups as follows: group 1 (N = 5) comprised rats injected with vehicle (5% ethanol in olive oil) for 10 days; group 2 (N = 5) comprised rats injected with CyA for 10 days; group 3 (N = 5) comprised rats injected with vehicle for 35 days; group 4 (N = 5) comprised rats injected with CyA for 35 days; group 5 (N = 5) comprised rats that had undergone UNT (uni- Abbreviations: a-SMA = a-smooth muscle actin; T(3RII = TGF-¡3 type II receptor; T = trypsin; MW = microwave; FS = frozen section. nephrectomy), injected with vehicle for 35 days; and group 6 (N = 5) comprised rats that had undergone UNT, injected with CyA for 35 days.
CyA (Novartis Pharma K.K., Tokyo, Japan) was subcutaneously administered daily at a dose of 15 mg/kg body weight for 10 or 35 days. Uninephrectomy (UNT) was performed in the rats of 2 groups (groups 5 and 6); the right kidney was removed under pentobarbital sodium anesthesia 1 day before the start of administration of vehicle or CyA. At the end of the 35-day experimental period, the excretion of urinary protein for 24 hours was measured using the pyrogallol red method (Micro TP-test Wako Kit, Wako Pure Chemical Industries Ltd, Osaka, Japan), and systolic blood pressure was measured by the tail-cuff method. Blood samples (groups 3-6) were obtained from the abdominal aorta to measure serum creatinine (Cr) and blood urinary nitrogen (BUN) levels. The rats were sacrificed under pentobarbital sodium anesthesia after 10 or 35 days. The kidneys were perfused via the abdominal aorta with 4% paraformaldehyde in 0.1 1 M phosphate buffer (PB), pH 7.4, at a pressure of 130 CME20 and removed.
For light microscopy, specimens were fixed with 10% formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin, periodic acid-Schiff (PAS), Masson-trichrome, and periodic acid silver methenamine. PAS-positive granules in afferent arterioles were evaluated as follows: (a) percentage of appearance (%), number of arterioles with PAS-positive granules near the vascular pole were divided by total number of arterioles near the vascular pole; (b) number of PAS-positive granules in arterioles near the vascular pole was semiquantitatively divided into 3 groups: (+) few, (++) moderate, and (+++) many. The index of PAS-positive granules was calculated as [number of (+) arterioles X 1 + number of ( + + ) arterioles X2 + number of ( + + + ) arterioles X3/ total number of arterioles near the vascular pole]. All arterioles near the vascular pole included in the sections were counted (93-210; mean ± SE, 147.4 ± 5.2). Tubular atrophy in the cortex, as representative of tubulointerstitial lesions, was examined at high power. The cortex was divided into outer and inner areas based on the portion of arcuate arteries, then tubular atrophy in each of 9 to 20 fields was graded as follows: 1, minimal; 2, slight; 3, moderate; and 4, severe. The mean value was used for individual data.
For immunostaining, paraffin-embedded specimens were cut into sections 3 J.Lm thick, deparaffinized, and treated with 0.3% H202 in methanol for 30 minutes to block endogenous peroxidase. After washing with phosphate-buffered saline (PBS), the sections were pretreated by microwaving or with 0.1 % trypsin (Wako Pure Chemical Industries), then incubated with primary antibodies for 1 hour at 37°C or overnight at 4°C (Table 1 ). After washing with PBS, sections were incubated with secondary antibody for 30 minutes at room temperature. Sites of bound primary antibody were visualized with 3.3'diaminobenzidine (DAB), and the sections were counterstained with hematoxylin. For immunostaining of ED-1 I and OX-1, the right kidneys of rats treated for 10 days were removed prior to perfusion with fixative solution, and small blocks of the renal cortex were snap frozen, embedded in OCT compound, and stored at -70°C. The frozen sections were cut into sections 3 [Lm thick with a cryostat, fixed with acetone at 4°C for 10 minutes, and treated with 0.3% H202 in methanol for 30 minutes to block endogenous peroxidase. The sections without microwaving or trypsin pretreatment were incubated with primary antibodies, followed by incubation with secondary antibody for 1 hour at room temperature. After washing with PBS, DAB was used for visualization of bound primary antibodies. As a control for immunohistochemistry, sections were incubated with normal mouse or rabbit serum without the primary antibody.
For electron microscopy, small blocks obtained from the renal cortex were fixed with 4% paraformaldehyde for 12 hours. The blocks were postfixed with 1.5% osmium tetroxide for 2 hours at 4°C. After dehydration through a graded ethanol, they were embedded in Quetol-812 (Nisshin EM Co Inc, Tokyo, Japan). Ultrathin sections were cut with a diamond knife and stained with uranyl acetate and lead citrate. They were examined with a JEM-1200EX II transmission electron microscope (JEOL Ltd, Tokyo, Japan) at 80 kV. For immunoelectron microscopic analysis for a-smooth muscle actin (a-SMA), vimentin, desmin, a-actinin, and calponin, blocks were dehydrated through a graded ethanol after fixation with 4% paraformaldehyde for 12 hours and embedded in LR White Resin (London Resin Company, Hampshire, UK). Ultrathin sections were mounted on nickel grids, then incubated with primary antibodies overnight at 4°C (Table 2) , followed by incubation with 10-nm gold-conjugated secondary antibodies (British Biocell International, Cardiff, UK) for 1 hour at room temperature. Control sections were processed without primary antibody. The sections were counterstained with uranyl acetate only.
Values are expressed as means ± standard error (SE). Statistical analysis was performed using Student's t-test, and p values of less than 0.05 were considered statistically significant. Table 3 summarizes the excretion of urinary protein for 24 portion (Figure la ). Swelling of tubular epithelial cells and wrinkling of thickened tubular basement membrane (TBM) were observed in the atrophic tubules. Although vacuoles were observed in tubular epithelial cells, they did not show an isometric pattern (Figure 2a ). At this stage, the capsular surface of the kidneys was smooth. At 35 days in the CyA-administered non-UNT group (group 4), tubular atrophy was more evident than at 10 days, and even slight focal interstitial fibrosis was observed. These lesions were found in the deep cortex in addition to the subcapsular portion (Figures lb and 2b ). At this stage, the surface of the kidneys became irregular. The degree of tubular atrophy in the CyA-administered FIGURE 3.-PAS(+) granules in afferent arterioles at 35 days of control (a) and CyA-treated non-UNT (b) rats. a) In control rats, a few PAS(+) granules were found in the cells in the juxtaglomerular area. b) In the CyA-treated non-UNT rats, the cells with PAS(+) granules increased along afferent arterioles. Some of these cells with PAS(+) granules had enlarged cytoplasm (arrows). Periodic acid-Schiff, X300.
RESULTS

Examination of Renal Function
UNT group (group 6) (Figure 1 c) was significantly less than that in the non-UNT group (group 4) ( Table 4 ). Neither arteriolar hyalinosis nor primary glomerular lesions were observed in any rats at day 10 or 35.
In the vehicle groups, a few cells in the juxtaglomerular (JG) area were found to have PAS(+) granules. CyA treatment caused increases in both number of PAS(+) granules in the cells and in the number of enlarged PAS(+) cells in afferent arterioles (Figure 3 ). Percentage and index of PAS(+) granules are shown in Table 4 . Rats of group 2 (CyA for 10 days) showed significantly higher percentage and index as compared with the vehicle group (group 1). PAS(+) granules on day 35 (groups 4 and 6) were significantly more abundant than those on day 10. No significant differences were observed in percentage or index of PAS(+) granules between UNT (group 4) and non-UNT groups (group 6).
Immunohistochemically, infiltrating mononuclear cells were positively stained with OX-1 (lymphocytes) or ED- 1 (macrophages) in the rats administered CyA for 10 days (group 2). Many tubular epithelial cells in the CyA-administered groups were vimentin positive and were surrounded by a-SMA-positive interstitial cells. Vimentinpositive tubular epithelial cells were rarely found in the vehicle groups. Enlarged granules, which were positively stained by anti-lysozyme antibody, were found in the proximal tubular epithelial cells of rats administered CyA for 35 days, although this was unclear at 10 days. In the vehicle-and CyA-administered groups, the PAS(-) cells in the preglomerular arteries, such as the interlobular ar-teries and afferent arterioles, were positive for a-SMA, calponin, vimentin, and desmin but lacked renin and TNF-/3 type II receptor (T(3RII) (Figure 4 ). In contrast, the cells with PAS(+) granules lacked calponin, vimentin, and desmin but were positive for renin, a-SMA, TfIRII ( Figures 5 and 6 ) in the vehicle-and CyA-administered groups, except that the cells with a small amount of PAS(+) granules were positive for calponin, vimentin, and desmin. Both renin and TJ3RII were detected in the same cells. Smooth muscle cells in efferent arterioles were positive for a-SMA, vimentin, and desmin but 
Electron Microscopic Examination
At 10 days, in the CyA-administered group (group 2), interstitial edema was observed in the cortex with an increase in numbers of fibroblast-like cells and infiltration of macrophages and lymphocytes. Fibroblast-like cells were apparently transformed fibroblasts (myofibroblasts) with enlarged cytoplasm containing increased rough-surfaced endoplasmic reticulum and cytoplasmic filaments. Swelling, atrophy, and degeneration of tubular epithelial cells with detachment from the TBM were observed in proximal and distal tubules. The TBM became thickened, wrinkled, and layered with the newly formed thin TBM along the degenerative tubules. Some cellular debris-like material was observed between the TBM and tubules (Figure 7) . At 35 days, in the rats of CyA-administered groups, including UNT and non-UNT groups (groups 4 and 6), the interstitial space was broader than at 10 days, showing slight fibrosis with numerous fibroblast-like cells and a few lymphocytes and macrophages. Tubular epithelial degeneration was more severe than that at 10 days, showing large lysosomes in their cytoplasm. Layering of the TBM and cellular debris-like material between TBM and tubules were also observed (Figure 8 ).
In the vehicle groups, cells that had electron-dense round granules (secretory granules) in their cytoplasm were found in the walls of afferent arterioles close to the JG area. The number of granules was variable. At 10 and 35 days, in the CyA-administered groups (group 2, 4, and 6), the cells rich in granules increased in number, and the lumen of afferent arterioles showed narrowing ( Figure  9a ). Similarly to the vehicle groups, the granules were round in the CyA-administered groups, and the number of granules in the cells was variable. Both secretory granules and myofilaments coexisted in some cells of vehicleand CyA-administered groups (Figure 9b ).
In the smooth muscle cells in afferent arterioles and interlobular arteries of the rats administered CyA, electron-dense fibrous bodies were found at 10 and 35 days ( Figure 10 ). Some showed a dotlike pattern and were connected to focal dense bodies or attachment plaques.
These fibrous bodies were not found in the cells with secretory granules. The number of electron-dense fibrous bodies per smooth muscle cell was 1 in both the 10-and 35-day groups. Immunogold labeling for electron microscopy showed scattered positive staining for calponin and a-actinin in these electron-dense fibrous bodies. They were negative or only peripherally positive for a-SMA and vimentin and entirely negative for desmin ( Figure   11 ). Smooth muscle cells that did not contain electrondense fibrous bodies showed positive labeling for calponin and «-actinin in the focal dense bodies and attachment plaques.
DISCUSSION
CyA is one of the most important immunosuppressive drugs used first for organ transplantation and recently for treatment of autoimmune diseases (40) and steroid-resistant nephrotic syndrome (23, 26) . Usage of CyA is, however, limited because of its nephrotoxicity. The chronic CyA nephropathy, in particular tubulo-interstitial lesions and arteriolopathy, was investigated in rats fed a lowsodium diet in this study. The reason why severe tubulointerstitial lesions were initiated in the low-sodium diet model is not yet clear, but one explanation is that the low-sodium diet may cause activation of the renin-angiotensin system (6, 28, 42) .
There have been only a few reports describing the earlier stages of chronic CyA-mediated nephropathy in animals (8, 36, 42) and CyA toxicity in UNT rats (6, 28) . In the present study, we performed detailed examination of the earlier changes in chronic CyA-mediated nephropathy with immunohistochemical and electron microscopic techniques in rats including UNT. This study revealed several interesting findings in renal vascular and tubulointerstitial tissues as follows: (a) CyA treatment did not worsen the tubulo-interstitial lesions of UNT compared with non-UNT, (b) phenotypic modulation of smooth muscle cells occurred with increased renin-positive granules in afferent arterioles in CyA-administered groups, and (c) tubulo-interstitial lesions started at the subcapsular portion of the cortex, followed by the deeper parts.
In this study, although the effects were not significant, CyA administration plus UNT caused a reduction of urinary protein level that probably resulted from the decrease of glomerular filtration rate (GFR) induced by CyA-mediated vasoconstriction of afferent arterioles (14) . Furthermore, this study showed that CyA administration increased serum BUN and Cr levels and that the hypertrophic cells with PAS(+) granules at JG area narrowed the lumen of afferent arterioles in both UNT and non-UNT groups. These findings also supported the decrease of GFR.
CyA treatment has been reported to cause ischemia in the pars recta portion of the proximal tubule and the medullary portion of the thick ascending limb of the loop of Henle (mTAL) (6, 28) through contraction of afferent arterioles (6, 7) . These tubules are sensitive to hypoxia by ischemia, and such sensitive cells are located in the outer medulla (32) . If CyA could induce hypoxia only, severe damage should be observed in the outer medulla. However, in this study, after 10 days of CyA treatment, tubular atrophy (representing tubulo-interstitial lesions) was observed mainly in the subcapsular portion of the cortex, and the changes in medullary rays were less severe. Therefore, tubulo-interstitial lesions caused by CyA treatment could not be explained by hypoxia only, at least in rats. There have been some reports of similar subcap- UNT. The arteriole lumen was narrowed. b) Cells containing myofilaments as well as dense granules were observed. X3,500. sular lesions in rats caused by CyA treatment (33, 36) , but the precise mechanism has not been determined.
Prior UNT did not affect the tubulo-interstitial lesions in a previous study of uninephrectomy I week before CyA administration for 38 days (28) , but in this study, prior UNT conferred protection against renal damage at 35 days as shown in Table 4 . UNT inhibits increases in plasma renin activity caused by ischemia (12) . Renin also stimulates the production of angiotensin II, which activates TGF-(3-mediated fibrosis (3, 25, 34, 35) . The difference in plasma renin level between the UNT and non-UNT groups in this study may have been related to the degree of tubulo-interstitial lesions. Fried et al also reported that UNT protected against renal damage resulting from ischemic acute renal failure by 40-minute renal artery occlusion in rats, but the mechanism of this effect is not clear (9) .
In this study, macrophages, lymphocytes, and fibro- blast-like cells were observed in the cortical interstitium at 10 days. Macrophages are well known as sources of cytokines, including TGF-¡3 (4) , and have been reported to accumulate in the cortical interstitium following CyA treatment (41) . In addition, there is evidence that CyA treatment injures the cells directly (39) and that CyA has the ability to enhance the synthesis of collagen (10) . These findings suggested that in addition to hemodynamic factors, tubulo-interstitial lesions in CyA nephropathy could be caused by nonhemodynamic factors, such as macrophages, lymphocytes, and direct toxicity of CyA. PAS(+) granules in the cells of afferent arterioles were immunohistochemically positive for renin. In this study, the number of PAS(+) granules as well as PAS(+) cells increased in the walls of afferent arterioles in association with the increase in renin granules, but systolic blood pressure did not change significantly. These findings were consistent with the previous reports that CyA stimulated renin production and increased plasma renin level in rats (16, 19) but did not induce hypertension (35, 41) . Systemic hypertension has been reported to be caused by CyA treatment in rats (5, 18, 27, 29, 33) . The rise of blood pressure may be influenced by differences in strains, dose of CyA, or type of vehicle used. In humans, however, CyA treatment does not increase plasma renin level (16, 22 ), but increases have been observed in plasma prorenin level and hyperplasia of the juxtaglomerular apparatus (16, 22) .
Immunohistochemically, almost all renin-positive cells in afferent arterioles were negative for calponin, vimen-FIGURE 11.-Immunogold labeling for calponin (a), a-actinin (b), a-SMA (c), vimentin (d), and desmin (e) on the smooth muscle cells after 10 days of CyA treatment. Electron-dense fibrous bodies (arrows) were positive for calponin (a) and a-actinin (b). Ten-nanometer gold particles labeled part of these fibrous bodies. Attachment plaques (arrowheads) and focal dense bodies were also positive. No or only weak staining at the periphery of the fibrous bodies was observed for a-SMA (c), vimentin (d), and desmin (e). a, b) X25,000; c-e) X21,000. tin, and desmin and positive for T~RII, whereas smooth muscle cells of afferent arterioles were positive for calponin, vimentin, and desmin and negative for T~RII. Calponin is one of the actin-binding proteins and is exclusively expressed in mature smooth muscle cells (11) . Immature smooth muscle cells of the interlobular artery and afferent arteriole were reported to express renin and T(3RII transiently at the developmental stage in the kidney (17) . It was been suggested that smooth muscle cells in afferent arterioles could change their phenotype dependent on renin synthesis (13) . In this study, afferent arteriolar smooth muscle cells near the vascular pole changed their phenotype to renin and TJ3RII positive and calponin negative following CyA administration. Electron microscopy revealed the coexistence of renin gran-ules and myofilaments in smooth muscle cells. These findings suggested that the dedifferentiation of smooth muscle cells in the afferent arterioles occurred following CyA administration.
CyA causes necrosis of smooth muscle cells in afferent arterioles and arteriolar hyalinosis in humans (21, 37) . In rats, necrosis of smooth muscle cells was only observed following treatment with high doses of CyA (8) except SHR (30) . In this study, although severe degeneration and necrosis were not found, electron-dense fibrous bodies were observed in the smooth muscle cells of the preglomerular arterioles at the electron microscopic level. These electron-dense fibrous bodies, which have not been reported before, often showed a dotlike pattern and were sometimes connected to focal dense bodies or attachment plaques. Immunocytochemically, these electron-dense fibrous bodies were partially positive for a-actinin and calponin, negative or only peripherally positive for vimentin and cx-SMA, and completely negative for desmin except for occasional weak a-SMA immunoreactivity in the central area of some. Since focal dense bodies and attachment plaques include calponin and a-actinin in the physiological state (24, 38) , these electron-dense fibrous bodies could have been derived from the aggregation of focal dense bodies and/or attachment plaques. Some areas in electron-dense fibrous bodies not labeled by antibodies to calponin and a-actinin could contain other cytoskeletal filaments, such as vinculin, metavinculin, talin, and filamin, which are contained in attachment plaques (38) . Since CyA has the ability to directly injure the cell (43) through cytoskeletal degeneration (39) , vascular smooth muscle cell contraction in vitro (20) , and contraction of the preglomerular arterioles (7) , excessive contractile stimulation by CyA administration could result in the alteration of contractile and cytoskeletal elements. The relationship between these electron-dense fibrous bodies and hyalinosis remains to be resolved.
In summary, CyA-administered rats showed tubulo-interstitial lesions in the renal cortex, especially the subcapsular portion. These lesions were mild in UNT compared to the non-UNT group. Increases were observed in the numbers of renin granules in the afferent arteriolar wall and electron-dense fibrous bodies in smooth muscle cells in the preglomerular arteries in the CyA-administered rats. Increases in renin granules and formation of electron-dense fibrous bodies in smooth muscle cells could be forerunners of severe arteriolar wall damage.
